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Abstract
The cell’s cytoskeleton together with the cell membrane and numerous accessory proteins determines the mechanical
properties of cell. Any factors influencing cell organization and structure can cause alterations in mechanical properties of
cell (its ability for deformation and adhesion). The determination of the local elastic properties of cells in their culture
conditions has opened the possibility for the measurement of the influence of different factors on the mechanical properties
of the living cells. The effect of the chitosan on the stiffness of the non-malignant transitional epithelial cells of ureter (HCV
29) and the transitional cell cancer of urine bladder (T24) was determined using scanning force microscopy. The
investigations were performed in the culture medium (RPMI 1640) containing 10% fetal calf serum in the presence of the
microcrystalline chitosan of the three different deacetylation degrees. In parallel, the effect of chitosan on production of
lactate and ATP level was determined. The results showed the strong correlation between the decrease of the energy
production and the increase in Young’s modulus values obtained for the cancer cells treated with chitosan. ß 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction
The cell’s cytoskeleton is not only a sca¡olding
determining the cell shape but also plays an impor-
tant role in many physiological processes since it
provides the tracks for transporting molecules inside
the cell, [1]. The typical cytoskeleton of a cell consists
of micro¢laments, intermediate ¢laments and micro-
tubules. These ¢lamentous structure create the three-
dimensional network accompanied by a huge number
of proteins (cytoskeleton-associated proteins) that si-
multaneously cross-link the ¢laments and are in-
volved in many vital cellular processes of life [2].
Any alterations in expression of cytoskeleton-associ-
ated proteins a¡ect the overall structure of cell cyto-
skeleton and can lead to changes in cell functions
[3,4].
The cell’s mechanical stability is governed by the
cytoskeleton and can be investigated by the measure-
ments of cell deformability. The studies are carried
out using many di¡erent methods based on the qual-
itative and quantitative observation of the cells
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behavior a¡ected by di¡erent factors causing their
deformation. The applied methods use various ap-
proaches such as the cell poking [5], micropipette
aspiration [6], scanning acoustic microscopy [7] and
recently scanning force microscopy (SFM) [8]. A sig-
ni¢cant advantage of the SFM is that measurements
can be performed on living objects in their natural
aqueous environment [9,10]. Quantitative determina-
tion of the cell sti¡ness is possible by analyzing
force^distance curves. This technique was success-
fully used for studying the sti¡ness of living cells :
e.g., human platelets [11], Swiss mouse embryos
[12], ¢broblasts [13] and bladder cells [14]. The result-
ing conclusions coming from the indentation mea-
surements may be explained by involving the cyto-
skeletal interior of the cell [12,15]. However, only few
papers deal with the in£uence of drugs (i.e., cytocha-
lasin, latrunculin [13,16,17]) on cell ability to defor-
mation. Explanation of the observed e¡ects was at-
tributed to changes occurring in the cell cytoskeleton.
The experiments carried out on cells treated with
cytochalasin, colcemid and nocodazole revealed the
dominant component of cytoskeletal elements in the
deformability of cells [16].
Oncogenically transformed cells di¡er from nor-
mal ones in many ways. Di¡erences in cell growth,
morphology, cell-to-cell interactions and also in the
cell membrane and the cytoskeleton organization
have been reported [18,19]. These di¡erences should
cause changes in mechanical properties of the cell.
Recent studies of cell sti¡ness brought information
that cancerous cells are more deformable than their
normal counterpartner [6,14].
The major metabolic feature that distinguishes the
normal cells from their cancerous counterpartner is
the high rate of glycolytic activity in the latter one.
The enzymes involved in this process are present ei-
ther in the cytosol or associated with the various
components of the cytoskeleton [20,21]. The aldolase
is associated with actin stress ¢bers and the phospho-
fructokinase with microtubules [22]. The reorganiza-
tion of the actin cytoskeleton has been clearly corre-
lated with the changes in a cell energy metabolism
[23]. Many factors (e.g., taxol [22], insulin [24]) a¡ect
the binding of glycolytic enzymes to cytoskeletal net-
work and in that way they in£uence important cell
functions.
Microcrystalline chitosan, obtained as a derivative
of chitin deacetylation process, has amino groups
that are responsible for its cationic character [25].
Recently, due to its ability to stimulate the immuno-
logical reactions, microcrystalline chitosan was used
also for wound healing. The chitosan has also the
other important feature ^ the ability to inhibit gly-
colytic pathway of energy formation in cancerous
cells [26]. The strongest inhibition of the glycolytic
activity in intact EAT cells, expressed by lactate pro-
duction and ATP level, was found for the most cat-
ionic form of microcrystalline chitosan [27].
In this paper we present the study of the in£uence
of microcrystalline chitosan with various deacetyla-
tion degrees on human bladder cancerous cells. We
demonstrate that the sti¡ness of cells measured by
scanning force microscope can be correlated with
the energy metabolism both in HCV 29 and T24
cell lines.
2. Materials and methods
2.1. Cell lines
The studies were carried out on human bladder
epithelial cells : HCV 29 (non-malignant transitional
epithelial cells of ureter) and T24 (transitional cell
cancer of urine bladder). Cells were basically cul-
tured in Petri dishes (3 cm; DHN, Poland) in a
RPMI 1640 with 10% fetal calf serum (FCS) (pH
7.4) at 37‡C in 95% air/5%CO2 atmosphere (ASSAB,
Sweden).
2.2. Reagents
Microcrystalline chitosan, poly-N-acetyl-(2-amino-
2-deoxy-L-D-glucose (Fig. 1), was obtained as a uni-
form powder from the chitin in e¡ect of its deacety-
lation [25].
The characteristic property describing the cationic
Fig. 1. The chemical formula of chitosan.
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character of the chitosan is its deacetylation degree
(DD). It is de¢ned as a ratio n/(k+n) where n is a
number of the amino groups and k is a number of
the acetyl groups. The deacetylation degree is ex-
pressed in percent. Three di¡erent types of chitosan
of various deacetylation degrees were used (Table 1).
The chitosan was always prepared as a water so-
lution of 0.02% per polymer weight regardless on its
deacetylation degree. Final concentration of chitosan
in culture medium was 0.005% per polymer weight.
Cytochalasin D (Sigma^Aldrich, Germany) was
prepared as a 4 mM DMSO (dimethylsulfoxide)
stock solution. The ¢nal concentration of cytochala-
sin D in culture medium was 1.25 WM.
Poly-L-lysine (Sigma^Aldrich) was used in order to
improve cell adhesion to glass substrate [28]. This
was done as described earlier [14]: a clean glass cov-
erslip (Menzel-Gla«ser, 24U24 mm) was immersed
into the 0.01% v/v poly-L-lysine water solution for
5 min and next dried in a clean atmosphere for 24
h at room temperature.
2.3. Scanning force microscopy
Cells were taken after the same number of pas-
sages and then cultured on the poly-L-lysine-treated
glass coverslip, immersed in a Petri dish in an appro-
priate culture medium. After the formation of a cell
monolayer, the coverslips with cells were washed two
times with fresh culture medium in order to remove
non-adherent cells. Next, cells (HCV 29 and T24)
were treated with the chitosan (0.5 ml of 0.02% so-
lution) that was added to the medium (1.5 ml) for 40
min incubation at 37‡C in a 95% air/5% CO2 atmos-
phere.
The T24 cells were additionally treated with the
cytochalasin D and chitosan (the highest
DD = 97.7%) in a following way (the experiment
was performed at room temperature):
b the cytochalasin D (0.5 ml of 4 mM solution) was
added to the 1.5 ml of culture medium for 30 min
incubation;
b the chitosan (0.5 ml of 0.02% solution) was added
to the 1.5 ml of medium for 40 min incubation;
b the chitosan (0.5ml of 0.02% solution) was added
to the 1.5 ml of culture medium for 40 min of
incubation, and then after washing with fresh me-
dium, the cytochalasin D (0.5 ml of 4 mM solu-
tion) was added to 1.5 ml of fresh medium for 30
min incubation time.
The control measurement for both HCV 29 and
T24 cell lines was performed in the culture medium
alone.
After incubation of cells in any conditions each
coverslip was washed with fresh medium directly be-
fore SFM measurement. Then following the proce-
dure described in [14], cells immersed in the culture
medium were put into the ‘liquid cell’ placed on an
SFM scanner. Every single cell was localized using
an optical microscope, and the tip was moved to-
wards cell center in order to avoid the in£uence of
the substrate and the neighboring cells. Every mea-
surement sequence was repeated using a new tip, new
cell culture, fresh free or compound supplied me-
dium. The total number of measured cells was about
20 for each investigated cell lines; on each single cell
ten force curves were collected in the middle of the
cell center.
The home-made SFM working in contact mode
was described in detail elsewhere [14,29]. The sample
(a glass coverslip with cells prepared on its surface)
was mounted on a piezo scanner with the range of
movement of about 3.5 Wm. Commercial sharpened
silicon nitride cantilevers were used as a probe, with
the spring constant of 0.01 N/m (Atos, Germany).
Their spring constant was checked using monitoring
thermally excited oscillations of cantilever. The tip
radii were about 130 nm which were checked using
TGT01 silicon standard (NMDT, Russia). To pro-
vide environmental conditions close to the natural
ones, a home-made plexiglass ‘liquid cell’ without
‘O-ring’ was used. The de£ection of the cantilever
was measured using the laser-photodiode technique.
In the SFM technique the force acting between the
end of the tip and the investigated surface causes the
Table 1
Properties of three di¡erent types of the chitosan preparations
used in the experiment
Chitosan type Molecular mass (kDa) DD (%)
A 320 97.7
B 460 88.7
C 321 59.6
BBAMCR 14777 9-8-01
M. Lekka et al. / Biochimica et Biophysica Acta 1540 (2001) 127^136 129
cantilever de£ection. By monitoring this de£ection as
a function of the relative sample position one can
obtain dependence of the force versus distance be-
tween probing tip and surface, the so-called force
curve. This dependence is characteristic for each ma-
terial. In the range of loading forces up to 7 nN there
is no signi¢cant deformation of glass and therefore
the glass coverslip was used as an in¢nitely hard,
reference surface. Fig. 2 shows two curves obtained
for the reference glass substrate (hard surface) and
for living HCV 29 cell (soft material).
Force curves were collected up to about 2 Wm of
displacement starting from the contact point. As the
thickness of cells lying on the glass substrate was
about 10 Wm, the in£uence of the hard glass surface
was assumed to be negligible. The velocity of the
AFM approach/retract cycle was set to 2.6 Wm/s
and it was kept the same in order to compare the
di¡erences between cell lines (reference HCV 29 and
cancerous T24).
The Young’s modulus can characterize cell sti¡-
ness. The Young’s modulus value was calculated in
the frame of the Sneddon’s description of the elastic
half-space behavior pushed by a hard axisymmetrical
indenter [31] that can be described either by a cone
[17] or by a paraboloid [30] of revolution as an ap-
proximation of the shape of the SFM tip (Fig. 3).
Both models approximate the real tip shape that is
four-sided and may be applied for large indentation
depths.
Fig. 3. Paraboloidal and conical model of the SFM tip ¢tted to
typical experimental data. Following the procedure by Weisen-
horn et al. [30], the tip shape can be deduced from the values
obtained in ¢tting the force-versus-indentation curves by the
power law y = axb. The ¢t value of the parameter b was
1.61 þ 0.17 and all ¢ts were performed with the b parameter
equal to 1.5 (corresponding to the paraboloidal tip shape).
Fig. 2. Comparison of the cantilever de£ection versus relative
sample position curves obtained on the reference glass substrate
and on living HCV 29 cell. The force curves obtained for mea-
sured cells are composed of two parts: approaching and retract-
ing. For the analysis, only the approaching part of the force
curve was chosen.
Fig. 4. The Gaussian distribution (line) ¢tted to a histogram of
Young’s modulus values of T24 cancerous cells. The histogram
was obtained for 18 cells (ten curves were collected for each
cell). The distribution of the obtained Young’s modulus values
showed the reproducibility of the recorded force-versus-indenta-
tion curves. Nevertheless, this distribution contains also the
measurements errors originating from, e.g., spread of the spring
constants values, tip radii, non-homogeneity of the cells, ap-
proximations of the theoretical model used for the analysis, etc.
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All calculations of the Young’s modulus were done
for the Poisson ratio equaling zero, assuming that its
value does not change both signi¢cantly for the same
type of cells and in the range of indentation applied,
for the similar types of cell. The ¢nal Young’s mod-
ulus values were obtained by ¢tting Gaussian distri-
bution to a histogram of values obtained for each
cell (Fig. 4).
2.4. ATP and lactate determination
The HCV 29 and T24 cells were washed twice in
physiological saline prior to the further incubation.
The HCV 29 and T24 cells ^ approximately 0.4 ml of
the packed cells per ml of the incubation £uid, i.e.,
5^7 mg of protein/ml ^ were suspended in Krebs^
Ringer phosphate bu¡er (pH 7.4) containing 120
mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 2.5 mM
MgSO4c7H2O, 30 mM Tris and 10 mM glucose (¢nal
concentrations), and were immediately incubated
with various chitosan preparations. The incubation
of cell suspensions was performed in a water bath, at
37‡C. At 0, 30, and 60 min of the incubation time,
the portions of mixtures (0.2 ml) were transferred to
an equal volume of 0.6 M perchloric acid (PCA).
After deproteinization, the samples for lactate deter-
mination were collected.
After 1 h of incubation, the cell suspension was
centrifuged (1000Ug), and the cell pellet was homog-
enized with 0.2 ml of cold 0.6 M PCA (1:1) v/v. The
obtained cell extracts were adjusted to pH 7.4 with
saturated KHCO3 and used for the determination of
ATP concentration.
The molecular masses of the microcrystalline chi-
tosan preparations were determined by a viscometric
method and theirs deacetylation degree (DDs) by a
potentiometric titration [25]. The concentration of
protein was analyzed using the Lowry method [32].
The lactate production was determined by Horn
and Bruns’ method [33]; the results were expressed
as percent of control in order to compare the e¡ect
of the di¡erent chitosan preparations on studied
cells.
The ATP level was determined by luminometric
method [34], using 1250 Bio-Orbit luminometer.
The results were expressed as percent of control in
order to compare the e¡ect of the di¡erent chitosan
preparations on studied cells.
3. Results
The determination of the cell sti¡ness, describing
by the Young’s modulus value E, based on the anal-
ysis of the force-versus-indentation curves. The ob-
tained values were: E = 10.3 þ 3.4 kPa for non-malig-
nant transitional epithelial cells of ureter (HCV 29)
and E = 1.8 þ 0.6 kPa for the transitional cancer cell
of urine bladder (T24). These values were in agree-
ment with the results of our previous studies for the
same cell lines [14].
The Young’s moduli obtained for HCV 29 cells
treated with three di¡erent chitosan preparations
were: E = 11.6 þ 2.7 kPa, E = 10.4 þ 2.4 kPa, and
E = 9.6 þ 1.5 kPa for di¡erent deacetylation degree
DD = 97.7%, DD = 88.7%, DD = 59.6%, respectively.
The dependence of the elastic modulus on the deace-
tylation degrees of the chitosan was very weak.
Smaller deacetylation degree corresponded with
smaller value of Young’s modulus. However, all re-
sults were in the range of measurements error (about
25%). The comparison of these results with the value
obtained for non-treated cells is presented on Fig. 5.
The results obtained for T24 cells were quite di¡er-
ent (Fig. 6). They indicated that the interaction be-
tween chitosan and cell surface strongly depended on
the deacetylation degree of the chitosan preparations.
The most signi¢cant e¡ect was observed for cells
treated with chitosan characterized by the highest
deacetylation degree DD = 97.7%. The obtained
Young’s modulus value, E = 8.6 þ 2.1 kPa was about
4.5 times higher than elastic modulus value deter-
mined for non-treated cells (E = 1.8 þ 0.6 kPa). The
Fig. 5. Comparison of the Young’s modulus values for HCV 29
(reference, non-malignant) cells treated with three di¡erent
types of chitosan (DD = 97.7%, DD = 88.7%, DD = 59.6%).
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observed dependence showed the decrease of the
Young’s modulus value with lowering deacetylation
degree: for DD = 88.7% E = 6.2 þ 1.1 kPa, for
DD = 59.6%, E = 4.5 þ 0.9 kPa.
The glycolytic activity was estimated by the mea-
surements of the lactate production and the level of
the ATP for both HCV 29 and T24 cells.
The results of the lactate formation determined for
HCV 29 cells are presented in Fig. 7A. The compar-
ison of the e¡ect of the three di¡erent chitosan prep-
arations on cells showed the values close to the con-
trol (non-treated cells) value (99.3%, 95.8%, 96.4%)
regardless on chitosan deacetylation degree
(DD = 97.7%, DD = 88.7%, DD = 59.6%, respec-
tively). Fig. 7B shows the inhibitory e¡ect of chito-
san preparations on lactate production by T24 cell
lines. The inhibition of the lactate formation was de-
pendent on the deacetylation degree of the applied
preparations, and increased together with its values.
The most signi¢cant decrease of lactate formation
(over 26%) was observed for the chitosan character-
ized by the DD = 97.7%.
The comparison of the chitosan e¡ect on ATP
level of HCV 29 and T24 cell lines is presented in
Fig. 8. For non-malignant HCV 29, all the values for
Fig. 8. The ATP level expressed as a percentage of control with
three di¡erent types of microcrystalline chitosan (three di¡erent
DDs) in (A) reference HCV 29 and (B) cancerous T24 cells.
Fig. 7. Lactate formation in proportion to the control value
(100%, non-treated cells) with three di¡erent types of microcrys-
talline chitosan for (A) HCV 29 and (B) T24 cells.
Fig. 6. The e¡ect of the various chitosan preparations on the
T24 cells between the Young’s modulus values and the various
chitosan deacetylation degrees obtained for T24 cell lines.
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chitosan treated cells were similar to the control one
(non-treated with chitosan, Fig. 8A). ATP level mea-
sured for T24 cells showed the similar inhibitory ef-
fect as in the case of the lactate production. The
reduction of the ATP level was observed in relation
to the chitosan deacetylation degree. The chitosan
preparation with the highest deacetylation degree
caused the highest decrease in the ATP level, i.e.,
almost 40%, whereas the di¡erences in the ATP level
for lower values of DD = 88.7% and DD = 59.6%
were not so signi¢cant (changes in the level of the
15% and 11%, respectively; Fig. 8B).
4. Discussion
The results presented here show the e¡ect of the
microcrystalline chitosan preparations on the cell
sti¡ness and glycolytic activity as a function of var-
ious chitosan deacetylation degrees. The studies were
carried out on two cell lines: non-malignant transi-
tional epithelial cells of the ureter (HCV 29) and
transitional cell cancer of the urine bladder (T24).
The results showed that the e¡ect of the chitosan
on the cell sti¡ness and their glycolytic activity is a
function of chitosan deacetylation degree.
It is known that cancer cells di¡er from normal
ones in many ways [35]. Di¡erences have been ob-
served in cell metabolism [36,37], cell-to-cell interac-
tions [38] and also in the organization of the cyto-
skeleton [18,19]. The reorganization of the cell
cytoskeleton leads to changes in the mechanical
properties, especially in the adhesion and the sti¡ness
of the cells. Studies of cell deformability brought in-
formation that cancerous cells are less sti¡ than their
normal counterpartner [6,14].
The cell metabolism of cancerous cells shows the
high activity and it is usually connected with the
overexpression of the glycolytic enzymes like pyru-
vate kinase type M2 [37,39]. Some of glycolytic en-
zymes are present either in cytosol or associated with
the cytoskeleton [20,21]. The detachment of the cy-
toskeleton-associated enzymes from the cytoskeleton
leads to the decrease in the level of the glycolysis and
also, to reorganization of cell cytoskeleton by the
rearrangement in the actin and/or microtubule net-
work [22,40].
The deacetylation degree of the chitosan can be
attributed to the charge proportional to the amount
of amino groups, which are positively charged in
water solutions. The high molecular mass of chitosan
does not allow it to enter the cell and therefore its
interaction with cells is restricted to cell membrane
only. This interaction is probably caused by binding
the positively charged molecules of chitosan ^ the
higher its deacetylation degree, the higher positive
charge ^ to the negatively charged cell membrane.
Such a mechanism is suggested due to the stronger
interaction between the chitosan with the highest de-
acetylation degree and cell surface. Signi¢cant
changes were observed for cancerous cells in all three
types of measurements: lactate production, ATP lev-
el and Young’s modulus values. Reference cells be-
have di¡erently. The level of lactate and ATP was
almost similar, regardless on the deacetylation degree
(i.e., charge); only a weak relation was visible in
Young’s modulus values, indicating some chitosan
interaction with membrane of these cells. This di¡er-
ence between HCV 29 and T24 cells’ behavior can be
explained by assumption of the smaller negative
charge on the surface of the non-malignant cells as
compared to the latter ones. Therefore, the reference
cells are less covered with positively charged chitosan
and chitosan in£uence is smaller.
The mechanism of the inhibition of glycolysis and
changes in Young’s modulus values can be explained
by two possible hypotheses:
b The formation of relatively hard, thick chitosan
shell around the cell caused only by the interaction
between positively charged amino groups of chito-
san and negatively charged cell surface. This inter-
action strongly depends on the amount of charge
on both cell membrane and chitosan molecule.
Such a shell would increase cell sti¡ness and would
inhibit the production of lactate and ATP.
b The alterations in structure of the cell membrane
and of interior of the cell (i.e., cell cytoskeleton
organization). The range of indentation in our
SFM measurements (up to 2 Wm) suggests that
the ability of the cell to deform was mainly dom-
inated by actin ¢laments lying directly beneath the
cell membrane [16].
It is worth noting that the strongest interaction
was observed for the chitosan characterized by the
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highest deacetylation degree (possessing the most cat-
ionic character because of the positive charge coming
from the amino groups). The ¢rst layer of shell
would be created by positively charged chitosan mol-
ecules strongly attached to the negatively charged cell
membrane, but the next layers would be not so
strongly attached because the chitosan molecules
would repel each other electrostatically. This repul-
sion counteracts the creation of the thick chitosan
layer around the cell surface and is stronger for high-
er deacetylation degrees. Therefore, the creation of
the chitosan layer should be easier for lower de-
acetylation degree and the Young’s modulus values
should be smaller for DD = 97.7% than for
DD = 56.9%. This was not observed in our experi-
ment.
To check which hypothesis better describes the
observed results we performed also the experiment
on T24 cell lines, the one that is strongly a¡ected
by chitosan in respect to its sti¡ness and glycolysis,
using cytochalasin D and chitosan (Fig. 9). The cal-
culated Young’s modulus values are presented in Ta-
ble 2.
The cytochalasin is known to depolymerize the
actin ¢laments causing the loss or the rearrangements
of such ¢laments and decreasing of the cell sti¡ness
(Young’s modulus decreased, [16,41]).
Our experiments showed that treatment of T24
cells with cytochalasin D caused decrease in cell sti¡-
ness. The chitosan increased the sti¡ness of the cells
(Young’s modulus increased).
The cytochalasin D was added to the solution with
cells a¡ected by chitosan (the chitosan was still
present during the time of incubation with cytocha-
lasin D). If the relatively thick shell would be present
around the cell surface, the cytochalasin molecules
would not enter the interior of cells and the cell sti¡-
ness would not change. However, the decrease of cell
sti¡ness was observed.
The experiment with cytochalasin D and chitosan
(¢rst incubation with cytochalasin D and next with
chitosan) showed a slight rise in Young’s modulus
(cell sti¡ness increased) which indicated that the chi-
tosan interaction with the cell surface did not lead to
rearrangement of previously depolymerized actin cy-
toskeleton.
The next fact which should be taken into account
is the observed inhibition of glycolytic activity (the
strongest for the chitosan with the highest deacetyla-
tion degree). Such an e¡ect can be explained by
blocking of the activity of some glycolytic enzymes.
This inhibition is correlated with the increasing cell
sti¡ness. The above observations suggest the inhibi-
tion of enzymes bound to the cytoskeleton [20^22].
The Young’s modulus values obtained for T24
(cancerous) cell lines after treatment with the chito-
san of the highest deacetylation degree reaches the
values obtained for normal cells (HCV 29). This may
suggest the normalizing action of chitosan on cancer-
ous cells. Also, the e¡ect observed for non-malignant
transitional epithelial cell of ureter (HCV 29) and
transitional cell cancer of urine bladder (T24) cell
lines suggests that the interaction between the chito-
san and cell surface is speci¢c for cancerous cells, but
such a conclusion requires further investigations.
However, this can be attributed to the overexpression
of some glycolytic enzymes, speci¢c for a cancerous
Table 2
Young’s modulus values obtained for di¡erent treatments with
cytochalasin D and chitosan (DD = 97.7%)
Type of experiment (cf. Fig. 9) Young’s modulus (kPa)
A (chitosan) 4.5 þ 1.2
B (control, without any reagents) 1.7 þ 0.6
C (chitosan+cytochalasin D) 1.5 þ 0.4
D (cytochalasin D) 0.5 þ 0.1
Measurements were performed at room temperature.
Fig. 9. Force versus displacement curves collected for cancerous
T24 cells treated with chitosan (DD = 97.7%) and cytochalasin
D: (A) cells treated with chitosan only, (B) control cells (with-
out any treatment), (C) cells treated with chitosan and then
with cytochalasin D, and (D) cells treated cytochalasin D only.
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state like for example the isoenzyme pyruvate kinase
type M2 [37,27]. Chitosan can interact in two ways.
Either chitosan interacts with the actin cytoskeleton
and by changes in its structure can inhibit the pro-
cess of glycolysis, or chitosan interacts with glyco-
lytic enzymes and by inhibition of glycolysis can
cause the reorganization of the actin cytoskeletal net-
work.
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